Children prenatally exposed to alcohol typically exhibit behavioral abnormalities, including hyperactivity, learning deficits, and an increased prevalence of depression. Similar impairments are found in children of hypothyroid mothers, and we have shown that alcohol-consuming rat dams have suppressed hypothalamic-pituitary-thyroid (HPT) function. Therefore, we hypothesized that suppressed maternal thyroid hormonal milieu may contribute to the deleterious consequences of prenatal alcohol exposure. We aimed first to confirm and then to reverse the behavioral deficits in the fetal alcohol exposed (FAE) rat offspring by administration of thyroxine (T4) to the alcohol-consuming dams. Adult offspring prenatally exposed to ethanol (FAE; 35% ethanol-derived calories), pair-fed (PF) or control (C) diets were tested in the Morris water maze (MWM), the forced swim test (FST), and the open field test (OFT) to assess spatial learning, depressive behavior, and exploratory behavior/anxiety, respectively. Adult FAE offspring took longer to locate a hidden platform in the MWM and showed increased depressive behavior in the FST both of which were reversed by administration of T4 to the alcohol-consuming mother. We found sex and brain regionspecific alterations in expression of genes involved in these behaviors in FAE adult offspring. Specifically, decreased hippocampal GAP-43 mRNA levels in adult FAE females and decreased glucocorticoid receptor (GR) expression in the amygdala of male and female FAE offspring were observed. The decreased mRNA levels of GAP-43 and GR were normalized by T4 treatment to the alcohol-consuming mother. Our results suggest that the suppressed HPT function of the alcohol-consuming mother contributes to the behavioral and cognitive dysfunctions observed in the offspring. Molecular Psychiatry (2005) 10, 961-971.
Prenatal alcohol exposure has long-term developmental consequences, [1] [2] [3] and in humans alcohol is recognized as a teratogen leading to long-lasting CNS dysfunctions. 4 Specifically, patients with fetal alcohol exposure (FAE) have marked cognitive deficits, including difficulty focusing and sustaining attention, 5 and place learning deficits in a virtual Morris water task. 6 Attention deficit hyperactivity disorder (ADHD) is frequently diagnosed in FAE children. These neurocognitive and behavioral characteristics differ between FAE children and those with a primary diagnosis of ADHD, as FAE children have difficulties primarily in the encoding and retrieval of information. 7 A significantly increased prevalence of depression is also found in children 8 and adults 9 prenatally exposed to alcohol. It is important to note that, in contrast to the higher female prevalence of depressive disorders in the general population, the rate of depression found in adults with prenatal alcohol exposure was nearly equal among men and women. 9 Fetal alcohol effects qualitatively similar to those described in children with a history of gestational alcohol exposure have been detected with animal models. 10 Cognitive deficits have been found in FAE animal models using both spatial [11] [12] [13] [14] and nonspatial tasks. [15] [16] [17] [18] Furthermore, similar to findings in humans, previous results from our laboratory indicate that both male and female adult FAE offspring exhibit increased depressive-like behavior in the forced swim test (FST) compared to pair-fed controls. 19 Originally described by Porsolt et al, 20 the FST is the bestcharacterized and most widely used model for assessing alterations in depression-or antidepressant-related behavior in rodents following genetic or drug-induced manipulations. 21 The test measures the duration for which the rat remains immobile following initial escape-intended movements during the forced swim session, and this immobility is thought to reflect behavioral despair.
When even mild and asymptomatic thyroid deficiency occurs in a pregnant woman, the child's neuropsychological development is adversely affected. [22] [23] [24] In humans, consequences of maternal thyroid hormone deficiency depend on the level of the deficiency and their specific developmental timing (reviewed in Zoeller and Rovet 25 ) . Similarly, in the rat, maternal thyroid hormones play a role in fetal thyroid economy, and prenatal thyroid hormone insufficiency affects adult behavior leading to learning deficits and hyperactivity. 26 The specific effects of mild maternal hypothyroxinemia, a subtle decrease in serum T4 levels with no increase in thyroid-stimulating hormone (TSH) concentrations, on fetal brain development have recently been ascertained. 27, 28 These studies show migration defects in the fetal cortex and the CA1 and CA3 of the hippocampus that could potentially cause the behavioral deficits observed in other studies.
Since similar neurobehavioral symptoms are observed in FAE children and children born to mildly hypothyroid mothers, some have proposed that the consequences of prenatal alcohol exposure are due to the effect of ethanol on thyroid function. Decreased plasma TSH is found in newborns exposed to alcohol in utero. 29 In rat models, prenatal alcohol exposure leads to decreased levels of T4 in both neonates and young offspring. 30 Our laboratory has recently demonstrated that alcohol-consuming rat dams have suppressed levels of plasma TSH, 3,3 0 ,5-triiodothyronine (T3), and T4, and their adult offspring show the classic hypothyroid hormonal profile. 31 We hypothesized that some of the behavioral abnormalities of FAE offspring are due to the suppressive effects of alcohol on the maternal and fetal hypothalamic-pituitary-thyroid (HPT) axes. Therefore, we elevated maternal thyroid hormone levels in utero to test this hypothesis. The thyroid hormone milieu and HPT function of the alcoholconsuming and control dams, with and without T4 administration, and their offspring are described in detail previously. 31 The goals of the present study were to determine the effects of FAE and prenatal T4 administration on the adult offspring's spatial learning and memory and depressive behavior, and on the expression of genes known to be associated with these behaviors in specific brain regions. The selected genes, GAP-43 [32] [33] [34] and glucocorticoid receptor (GR), 35 have been extensively studied and implicated in learning, and GR has also been suggested to influence behavior in the FST.
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Materials and methods
Animals
The Northwestern University Animal Care and Use Committee approved all animal procedures. The experimental procedures and morphometric analysis of the animals employed in these studies have been previously described in detail. 31 Briefly, adult male and female Sprague-Dawley rats (viral free, 56-58 days of age; Harlan, Indianapolis, IN, USA) were housed individually in a temperature-and humiditycontrolled vivarium with regular light-dark cycles (lights on at 0700 h and off at 1900 h). After 7 days of acclimatization, rats were mated by placing a female in the male cage overnight. Mating was confirmed by microscopic analysis of vaginal smears for the presence of sperm the next morning. The day sperm was found was designated as gestational day 1.
Experiment 1
Pregnant rats were assigned to three experimental groups on gestational day (G) 8. Group 1 (E, n ¼ 6) was administered an ethanol liquid diet (Lieber-DeCarli '82, BioServ) adjusted for pregnant rats, which contained 5% (w/v) ethanol (35% ethanol-derived calories) and was supplemented with essential vitamins and minerals. The ethanol diet was introduced in stages: 15% ethanol-derived calories was increased to 35% in 5 days as described previously. 40 Group 2 was pair-fed (PF, n ¼ 6) a Lieber-DeCarli '82 isocaloric liquid diet for pregnant rats that contained no ethanol, and Group 3 (C, n ¼ 6) was fed lab chow and water ad libitum. The amount of PF diet presented to the pregnant dams in the PF group was determined by the alcohol diet consumed the previous day by the E dams of similar weight. Fresh liquid diets were presented daily between 1600 and 1700 h, and daily intake of diet was recorded. Dams in the ethanol groups consumed 95.272.3 ml/day, and dams in the PF groups consumed 104.272.7 ml/day of their respective isocaloric diets, as previously reported. 31 This amount of ethanol-diet consumption is not different from the alcohol intake of dams of the same strain and age, which produced blood ethanol levels of 80 mg/100 ml at 0900 h and 127 mg/100 ml at 2000 h, as reported previously. 41 The body weight of alcohol-consuming dams was significantly lower than both of those on PF or control diets as described previously. 31 There was also a significant difference between the body weight of PF and control dams.
On gestational day 21, the diets were replaced with laboratory chow and water ad libitum. Pups were weaned at 21 days of age and group-housed by sex and treatment. All offspring underwent the same series of behavioral tests. The justification for using more than one animal/sex/litter is related to the argument that intrauterine position of fetuses can affect fetal brain function and subsequently their behavior. 42, 43 Therefore, we chose to test multiple animals per litter and subsequently analyzed the data using litter as a nested factor. At 1 week following the completion of behavioral testing, at approximately 100 days of age between 1000 and 1200 h, rat adult offspring were euthanized by decapitation. There were no differences in body weight among the offspring, other than the expected sex difference, at the time of killing. Brains were collected and kept at À801C until RNA extraction.
Experiment 2
We have previously reported decreased plasma levels of TSH, T3 and T4 in ethanol-consuming dams and, therefore, administered T4 to pregnant dams in order to increase the availability of thyroid hormones to the fetuses. 31 These offspring were used for the current experiments. As described previously, 31 pregnant rats were divided into six groups: C, PF, E, C þ T4, PF þ T4, and E þ T4 (n ¼ 5/group). The liquid diet administration protocol was identical to that described in Experiment 1. Beginning on G8, half of the dams received T4 (30 mg/ml, Sigma Chemical, St Louis, MO, USA) in the PF or E liquid diet or in the drinking water until G21. The average daily diet consumption was 10174.7 ml, so the dams received approximately 3 mg of thyroxine per day. This thyroid hormone treatment paradigm for pregnant dams, which has been shown to alter behavior in adult offspring, 44 significantly increased maternal plasma T4, and decreased plasma TSH levels compared to the hormone levels measured in dams on the same diet without thyroxine. 31 Administration of T4 to the pregnant dams did not reverse the body weight decrease seen in the ethanol-consuming dams compared to both PF and controls, nor did it eliminate the difference between PF and control dams. 31 On gestational day 21, the diets were replaced with laboratory chow and water ad libitum. Pups were weaned at 21 days of age and group-housed by sex and treatment. At 1 week following the completion of behavioral testing, at approximately 100 days of age between 1000 and 1200 h, rat male and randomly cycling female adult offspring were killed by decapitation. There were no differences in body weight among the offspring, other than the expected sex difference, at the time of killing. Brains were collected and kept at À801C until RNA extraction.
Forced swim test
Between 60 and 70 days of age, adult offspring were exposed to the FST to assess depressive behavior. The FST procedure used was described previously. 45 Briefly, animals were placed into a glass cylinder (30 cm diameter, 45 cm deep) of 251C tap water for 15 min. After 24 h, rats were again placed into the cylinder of water for 5 min. All testing took place between 1100 and 1500 h. Activity during the second swim test was video-recorded for subsequent scoring using a time-sampling technique previously described 46 in which behavior was scored as immobility, climbing, or swimming every 5 s. We have previously shown that immobility in the FST is not related to body weight. 45 Morris water maze At 80-90 days of age, minimum 20 days after the FST, the hidden platform version of the Morris water maze (MWM) was used to assess spatial learning. We chose not to administer a 'visual cue' version of the water maze for the following reasons. First, FAE offspring are known to be stress-hyper-responsive. 47, 48 Hence, a visual platform test at the beginning of the training could affect the results of the spatial learning task differentially. Presenting the visual platform at the end of the training would not differentiate the learning impairment from the visual impairment. In addition, behavior in the open field test (OFT) indicated that FAE offspring had no visual impairment (see below).
A circular tank containing water, made opaque by white non-toxic tempera paint, was used, and the water temperature was maintained around 251C throughout the training period. The training room contained various extramaze cues and sound masking was accomplished by using the Scamp sound-masking system in the ceiling plate (Archoustics, Minneapolis, MN, USA). Rats were tested on six consecutive days, with each day consisting of four trials. A 60-s intertrial interval was used, during which rats were dried and placed in warm cages. Platform location remained constant for the duration of the sessions. For each trial, rats were placed in the water in one of four equally spaced positions around the tank facing the tank wall. Rats started in a different, randomized position for each trial and start positions varied between rats. Each rat was allowed to swim until it reached the platform or 60 s had expired. If animals were not able to find the platform within 60 s, they were hand-guided to it. In both cases, the rat remained on the platform for 15 s before being removed. Every eighth trial (final trial on days 2, 4, 6) a probe trial was conducted, during which the platform was removed from the water. This trial was run in a similar fashion to the other trials; however, all rats started in the same position. A FC-82B video camera and wide-angle camera lens, mounted above the center of the pool, were used to videotape rats' swim performance during all trials. The animal's location in the tank was digitized with a VP200 tracker, and data were collected by HVS Water for Windows software supplied by HVS Image (Hampton, UK). Available data included time spent to locate the platform, swim speed, distance traveled, but no data for thigmotaxis were available in this set of experiments.
Open field test At 2 weeks following the MWM test, the OFT was administered to the offspring to measure exploratory behavior. The open field is a circular arena with an inner diameter of 120 cm and height of 30 cm. The circular field is lit by a bright overhead light (approximately 160 lux). Rats were placed in the center of the field, and their activity was recorded for 10 min. The field is composed of two concentric circles, designated the inner and outer circles. Both the inner and outer circles are divided into segments by lines. The animal's latency to leave the center (inner area), the number of lines crossed in the inner and outer circles, and rearing behaviors were recorded.
RNA isolation and Northern analysis
Rat brains (1-2 brains/sex/litter) were rapidly dissected on ice and immediately placed on dry ice. Dissections used Paxinos coordinates: 49 Extraction of total RNA was performed using Trizol reagent, according to the manufacturer's protocol (Life Technologies, Grand Island, NY, USA). The quality and quantity of RNA were analyzed by gel electrophoresis and spectrophotometry. For Northern analysis, 8-10 mg of RNA from each sample was electrophoresed on a 1% agarose-formaldehyde gel, blotted onto a nitrocellulose filter, and fixed by UVcrosslinking as described previously. 50 All the samples were processed together. The plasmid containing the b-actin cDNA probe was kindly provided by Dr Michael Prystowsky, Albert Einstein University. The GR and GAP-43 probes were generated by PCR using primers specific for the rat GR cDNA (5
. The generated probes were 533 and 300 bp, respectively. Probes were labeled with [a-32 P]dCTP by random primer labeling 51 using the Random Primers DNA Labeling System kit (Life Technologies, Grand Island, NY, USA). Filters were hybridized with the cDNA probes overnight at 421C in ULTRAhyb hybridization buffer (Ambion, Austin, TX, USA) following the manufacturer's protocol. Filters were washed twice for 15 min each in 2 Â SSC/0.1% sodium dodecyl sulfate (SDS) at 421C, twice for 30 min each in 0.1 Â SSC/0.1% SDS at 421C, and exposed to Hyperfilm MP autoradiography film (Amersham Pharmacia Biotech, Piscataway, NJ, USA) at À801C with intensifying screens. Autoradiographs were scanned and analyzed using NIH Image (Wayne Rasband, NIH, Bethesda, MD, USA). Specific mRNA levels were normalized to the b-actin mRNA level of each sample.
Statistics
The data were analyzed by ANOVA, either a two-way (sex, diet, in Experiment 1) or a three-way design (sex, diet, and T4 treatment, in Experiment 2). Since all animals in a litter were tested in the behavioral experiments, we used litter as a nested factor in the statistical analyses of all behavioral data. We found no effect of litter in any of the measures. Therefore, in subsequent analysis such as the measuring of mRNA levels by Northern blotting, we only used one, rarely two, animals per sex per litter, and did not need to use litter as a nested factor in the analysis. For analysis of behavioral measures in the MWM, a repeatedmeasures ANOVA was performed. The Tukey LSD test, with Po0.05, was used as a post hoc test to locate significant differences among groups. ANOVA results are discussed in the Results section; post hoc analyses are shown in the figures. The statistical analysis software package was NCSS 2000 (NCSS, Kaysville, Utah, USA). 19 Virtually identical, but inverse, patterns were obtained when the active behaviors, swimming and climbing, were analyzed (data not shown).
Results
FAE Alters
Spatial learning was assessed using the MWM in our adult C, PF, and FAE offspring using the hidden platform version of this task. As there were no significant sex differences found in any of the measures, male and female offspring data were combined. There were no significant differences between prenatal diet groups in latency to locate the platform on day 1 in the MWM (Figure 2a) . However, FAE adult offspring took significantly longer to find the hidden platform than control and PF animals on days 2-6 of training (Figure 2a In the probe trials on days 2, 4, and 6, no significant differences were found between the prenatal diet groups in the number of platform crossings (data not shown). However, FAE offspring spent significantly There were no differences in average swim speed, and distance traveled during each trial between prenatal diet groups. The increased latency to locate the platform on days 2-6 of training and the decreased time spent in the quadrant of the hidden platform during the probe trial in our FAE offspring may be due to increased anxiety or potential visual impairment in these animals. Therefore, we utilized the OFT to assess anxiety and exploratory behavior in the FAE adult offspring. In addition, we measured latency to leave the center after the initiation of the test to detect visual disturbance in rats, as ambulation scores at the beginning of an OFT have been suggested to determine visual impairment. 
FAE alters expression of GRs and GAP-43 in the adult brain
We examined the expression of GR and GAP-43 in the frontal cortex, amygdala, dorsal hippocampus, and ventral hippocampus of adult FAE offspring using Northern blotting. Alterations in GR and GAP-43 mRNA levels were found in the amygdala and hippocampus, respectively, of FAE female offspring. No differences were found among the prenatal treatment groups in GAP-43 expression in the amygdale and the frontal cortex (data not shown). In contrast, GAP-43 expression was significantly lower in the dorsal and ventral hippocampus of FAE and rearing behavior (c) in the OFT in adult C, PF, and FAE rats (100-110 day-old animals described in Figure 1 ). Values are mean7SEM. *Po0.05 from both control and PF offspring of the same sex.
females compared to control and PF females, but no such differences were found in the males (Dorsal hippocampus: Figure 4a ; No significant differences in GR mRNA levels were found in the hippocampus or frontal cortex (data not shown).
Prenatal T4 treatment reverses some behavioral deficits of FAE offspring Since we found decreased plasma T4 levels in alcohol-consuming dams on gestational day 21 compared to control and PF dams, 31 T4 was administered to restore this deficit and potentially prevent neurobehavioral impairment. The thyroid hormone milieu of the pregnant dams and their offspring after administration of T4 have been described. 31 Although prenatal T4 treatment had no effect on FST behavior of control and PF offspring, the increased immobility of the adult FAE offspring was abolished in both sexes (Figure 5a and b; Diet Â Treatment: F[2,26] ¼ 6.7; Po0.01 for both sexes). Virtually identical, but inverse, patterns were obtained when the active behaviors, swimming and climbing, were analyzed (data not shown).
Similarly, the increased latency to reach the platform of the MWM that was observed on days 2-6 in the FAE offspring was reversed by the addition of T4 to the alcohol diet of the mother (Diet There were no significant differences in platform crossings during the probe trials on days 2, 4, and 6. However, similar to the results found in Experiment 1, during the probe trial on day 6, adult FAE offspring spent significantly less time in the quadrant of the missing platform compared to both control and PF offspring, while the FAE þ T4 offspring did not show such deficits (Figure 6b Although the change was not significant, prenatal T4 treatment tended to reduce GAP-43 mRNA levels in the ventral hippocampus of control and PF female offspring, but increased it significantly in the FAE offspring.
In contrast to the results of Experiment 1 where GR mRNA levels only tended (P ¼ 0.09) to be lower in the amygdala of male FAE offspring, GR mRNA levels were significantly lower in the amygdalae of both male and female FAE offspring in this experiment. This discrepancy may be due to the higher error of amygdala GR mRNA levels in FAE males in Experiment 1. The significantly decreased GR mRNA levels were normalized by the addition of T4 to the prenatal FAE diet (Figure 7c ; Diet Â Treatment: F[2,63] ¼ 4.9; Po0.05). Interestingly, prenatal T4 treatment alone significantly decreased GR mRNA levels in the amygdala of control female offspring.
Discussion
The results of these experiments clearly suggest that some behavioral consequences of FAE are due to the developmental effects of alcohol on the maternal and fetal HPT activity. Administration of T4 to alcoholconsuming dams reversed the learning deficits and depressive behavior in their adult offspring. Additional novel results demonstrate that some brain region-specific consequences of FAE in the expression of GAP-43, a gene known to be involved in learning, were eliminated by prenatal T4 treatment. Furthermore, the decreased GR mRNA levels in the amygdala of FAE adult animals were normalized by the addition of T4 in utero. As the GR gene expression changes parallel the behavioral results, a potential link might exist between increased depressive behavior of adult FAE offspring and decreased GR mRNA levels in their amygdala.
Effects of prenatal alcohol exposure on behavior and gene expression
The results of these experiments confirm previously found deficits following prenatal ethanol exposure in spatial learning and memory using the water maze task, 11, 14, 53, 54 and in escape behavior measured in the FST. 19 Performance in various other spatial learning and memory tasks, including the T-maze, 13 ,55,56 the radial arm maze, 12, 57 and spatial lever response, 58 is also impaired following FAE in animals. A recent study observed place-learning deficits in a virtual Morris water task, 6 and increased prevalence of depression in children 8 prenatally exposed to alcohol, suggesting that FAE animal models exhibit behavioral corollaries to the deficits found in humans exposed to alcohol in utero.
The behavioral profile of the FAE male offspring suggests that hypoactivity, as seen in the OFT, is not the cause of the increased immobility in the FST and the greater latency to locate the platform in the MWM. In the female FAE offspring, behavioral hypoactivity observed in the FST and the MWM could be due to general hypoactivity as seen in the OFT, albeit the lack of differences among females from the different prenatal treatment groups in swim speed and distance traveled in the MWM make this explanation less feasible. However, FAE offspring may have spent more time with thigmotaxis (swimming close to the edge of the maze) as opposed to the goal-oriented behavior of locating the platform in the MWM. Thigmotaxis is thought to be a measure of anxietylike behavior, similar to the low level of activity or less time spent in the exposed center of the open field being an accepted measure of anxiety-related behaviors. 59, 60 Since FAE offspring show decreased inner line crossing in the OFT, their increased anxiety-like behavior may contribute to the observed learning deficit. The learning deficit of the FAE offspring occurred concomitantly with significantly decreased GAP-43 mRNA in the female FAE hippocampus. Overexpression of GAP-43, a substrate of protein kinase C, has been found to enhance learning, 32 while downregulation of GAP-43 expression impairs learning. 34, 61 The importance of decreased hippocampal expression of GAP-43 is emphasized by recent studies showing decreased phosphorylated GAP-43 in the hippocampus of adult FAE rats 62 and in adult FAE male offspring in response to contextual fear conditioning. 63 These results corroborate the potential significance of hippocampal GAP-43 in learning/memory impairment of FAE offspring, as animals expressing the constitutively phosphorylated form of GAP-43 exhibit increased learning. 64 It is interesting to note that while we observed the learning deficit in both male and female FAE offspring, decreased GAP-43 expression could only be confirmed in the FAE female hippocampus. Although previous studies found higher GAP-43 expression in the frontal cortex 65, 66 and ventromedial hypothalamus 65 of males than females, no significant sex differences have been found in GAP-43 mRNA levels in the present study except for the effect of FAE. Similarly, while earlier studies suggest that males acquire and exhibit superior performance in spatial learning and memory tasks compared to females, 67, 68 other studies agree with our results of no sex differences in spatial learning. 61, 69 Estrogen has been shown to influence several processes associated with learning, including increases in density of dendritic spines and synapses on hippocampal neurons. 70, 71 Acute estrogen administration has been shown either to impair 67, 72 or to enhance 73, 74 performance on spatial learning and the stress of the learning test could also increase estrogen levels, as suggested to occur in response to an acute stress. 75 Since estrogen positively regulates GAP-43 expression in the rat brain, 76 females in general could show increased learning at the time of higher levels of estrogen. However, prenatal alcohol exposure seems to reduce sensitivity to estrogen; 77,78 thus the decreased GAP-43 in the hippocampus of FAE females may be due, in part, to this decreased estrogen sensitivity in FAE females. Taken together, decreased hippocampal expression of GAP-43 in the adult FAE female may contribute to the deficit observed in spatial learning in a sex-specific manner. GRs are highly expressed in the amygdala, among other brain regions, where they can substantially influence learning, memory, and depressive behavior. [79] [80] [81] Decreased expression or binding capacity of the hippocampal GR is known to result in impaired spatial learning. [82] [83] [84] However, we did not find an effect of FAE on hippocampal GR expression, which is in agreement with a previous report. 85 Fetal overexposure to endogenous glucocorticoids, such that occurs after reducing the activity of the 11b-hydroxysteroid dehydrogenase type 2 (11b-HSD2), the 'barrier' enzyme to maternal steroids that rapidly inactivates glucocorticoids in placenta and many fetal tissues, affects neuroendocrine and behavioral responses of the adult offspring. Specifically, prenatal blockade of 11b-HSD2 leads to reduced immobility in the FST, and increased GR (but unaltered MR) mRNA expression in the basolateral, central, and medial nuclei of the amygdala of adult offspring:
38 the inverse pattern of those of FAE offspring. Lesion studies also show that the basolateral nucleus of the amygdala is a critical site for the glucocorticoidinduced influences on spatial learning. 86 Thus, decreased amygdala GR expression in adult FAE offspring may causally be involved in the behavioral alterations observed in these animals.
Effect of prenatal thyroid hormone treatment on behavior and gene expression Thyroxine administration to the FAE mothers eliminated the learning and memory deficits and the increased depressive behavior found in both male and female FAE adult offspring, suggesting that the suppressed thyroid state of the FAE mother 31 may be responsible for some of the behavioral alterations found in the FAE offspring. Other studies show that prenatal thyroxine treatment can reverse the developmental delay observed in the Purkinje cells of FAE neonates. 87 Furthermore, neonatal treatment with T4 can also reverse some developmental delays in FAE neonates, but it does not normalize altered startle responses. 30 Parallel to the behavioral changes, the regionspecific alterations in GAP-43 and GR mRNA levels in our FAE offspring were reversed by prenatal T4 administration. Thyroid hormone status can affect GAP-43 expression, and subsequently learning processes in two ways. Alteration in GAP-43 expression during synaptogenesis could imprint adult GAP-43 expression and affect adult learning, or, alternatively, adult hypothyroid status of the FAE offspring 31 could directly affect hippocampal GAP-43 expression and learning. GAP-43 expression is found to be increased in the cerebellum of hypothyroid fetuses, 88 but the mechanisms by which prenatal T4 milieu can affect hippocampal GAP-43 expression in adulthood is not known. It is interesting though that GAP-43 and RC3/ neurogranin belong to the same calpacitin protein family 89 and RC3 is known to be regulated by thyroid hormones both developmentally 90 and in adulthood. 91 The findings that prenatal hypothyroid state can permanently alter fetal brain cytoarchitecture 27, 28 suggest that thyroid hormone-regulated mediators of neuronal migration and apoptosis might be involved in this phenomenon, a hypothesis that needs further experimental explorations.
Prenatal T4 treatment also eliminated the difference in GR mRNA levels in the amygdala of male and female adult FAE compared to PF or control offspring. The elimination of differences in GR expression between the prenatal treatment groups corresponded to the reversal found in the learning and memory deficits and increased immobility in the FAE offspring in response to prenatal T4. Whether these concomitant changes imply a causative relationship between the effects of prenatal T4 on behavior and GR expression in the amygdala of the FAE offspring requires further investigation. Similarly, the novel finding of decreased GR expression after prenatal T4 treatment in control females needs to be followed.
Taken together, the results of this study indicate a role for prenatal thyroid hormone milieu in the developmental and behavioral deficits found in FAE offspring. The mechanism by which T4 administration to the pregnant, alcohol-consuming dam affects the developing fetus, and subsequently the adult offspring, to reverse learning deficit and depressionlike behavior is not yet known. There are no current treatments for the neurobehavioral consequences of FAE, and, although animal model data should be applied to human conditions with caution, further studies with our animal model may provide possible treatments for humans.
